Abstract. Insulin-like growth factor-1 receptor (IGF-1R) is a cell membrane receptor involved in cell proliferation and apoptosis, which is highly expressed in lung squamous cell carcinoma (SCC). The present study aimed to observe the influence of IGF-1R silencing on the radiosensitivity of SCC and investigate the potential mechanisms involved. Human lung SCC H520 cells with relatively high expression of IGF-1R were used. IGF-1R expression was silenced using short hairpin RNA. The influence of IGF-1R silencing on radiosensitivity and apoptosis was assessed using a clone formation assay and flow cytometry. The expression levels of proteins relevant in DNA damage repair and hypoxic signaling pathways were analyzed using western blotting. Decreased expression of IGF-1R led to an increase in the sensitivity of H520 cells to irradiation. Molecular analysis showed that the reduced expression of IGF-1R decreased the protein expression of ataxia-telangiectasia mutated (ATM), H2A histone family member X (H2AX) and p53 binding protein 1 (53BP1), which are associated with the DNA repair pathway. Furthermore, 53BP1 is also known to be involved in apoptosis. Proteins involved in the hypoxic pathway, including hypoxia inducible factor 1 α (HIF-1α), matrix metallopeptidase 9 (MMP-9) and vascular endothelial growth factor A (VEGFA) were also involved in the radiosensitivity. In conclusion, decreased expression of IGF-1R leads to improved radiosensitivity of SCC cells, and the underlying mechanism may be associated with the decreased expression of proteins involved in ATM/H2AX/53BP1 DNA damage repair and the HIF-1α/MMP-9 hypoxic pathway, which results in the induction of apoptosis and increased radiosensitivity. These findings suggest that targeting of IGF-1R may represent a novel approach for lung SCC radiation treatment.
Introduction
Lung cancer is the leading cause of death worldwide (1) . Radiotherapy has been applied to treat advanced non-small-cell lung cancer (NSCLC) for the past two decades. However, one major obstacle to successful radiotherapy is the existence of radio-resistance (2) . Tyrosine kinase inhibitors can improve the survival of patients with radio-resistant lung adenocarcinoma. However, few treatment targets have been identified for treatment-resistant lung squamous carcinoma (3, 4) . Therefore, it is important to explore more effective targeting molecules for the radio-resistant lung squamous carcinoma.
Insulin-like growth factor 1 receptor (IGF-1R) is a transmembrane receptor tyrosine kinase involved in the development and progression of cancer, whereby receptor activation strongly promotes cell growth and survival (5) . IGF-1R is a heterotetrameric plasma membrane glycoprotein. Once a ligand binds to the IGF-1R, it will induce activation of the intrinsic tyrosine kinase of the β-subunit, leading to receptor phosphorylation and activation of protein kinases which are associated with carcinogenesis and tumor progression (6, 7) . IGF-1R has been found to be over-expressed in a variety of human malignancies including lung cancer. One study showed that IGF-1R expression is significantly associated a reduction in overall survival. Median survival Insulin-like growth factor-1 receptor knockdown enhances radiosensitivity via the HIF-1α pathway and attenuates ATM/H2AX/53BP1 DNA repair activation in human lung squamous carcinoma cells in lung cancer patients with high and low IGF-1R expression is 26.51 vs. 47.77 months (P=0.017), and disease-free survival is 17.44 vs. 37.65 months (P=0.045), respectively. IGF-1R is activated in NSCLC patients, particularly in those with squamous cell carcinoma (SCC) (8) . IGF-1R plays an important role in lung SCC. CP-751,871 is a fully human monoclonal antibody against IGF-IR, which can increase the radio-sensitivity of NSCLC cell lines and application of this antibody has been attributed to inhibition of DNA repair and enhanced irradiation-induced apoptosis (9) . However, the mechanisms underlying the association between IGF-1R over-expression and radio-resistance in human lung squamous carcinoma cells are still unknown. Radiation induces DNA damage and destroys the structure of DNA molecules, including nucleotide excision, single strand breaks and double strand breaks (DSBs) (10, 11) . The DNA lesions can be recognized by DNA checkpoints which can trigger DNA repair pathways (12) . However, apoptosis will be initiated if DNA damage is not repaired. In the current study, a lentiviral vector-based RNA interference expression system was used to stably suppress the expression of IGF-1R and the effects of IGF-1R knockdown on the radio-sensitivity of lung SCC and the potential mechanisms were explored.
Materials and methods
Cell culture, materials and reagents. The H520 human lung squamous carcinoma cells were purchased from the Cancer Institute of Tongji University (Shanghai, China). The cells were grown in Dulbecco's modified Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and maintained in a humidified 5% CO 2 atmosphere at 37˚C. The major sources of materials and reagents used in the present study are as follows: IGF-1R, phospho-IGF1R, phospho-H2A histone family member X (H2AX), p53 binding protein 1 (53BP1), phospho-Akt, hypoxia inducible factor 1 α (HIF-1α), and β-actin were supplied by Cell Signaling Technology, Inc., (Danvers, MA, USA). Phosphorylated ataxia-telangiectasia mutated (p-ATM) was purchased from Abcam (Cambridge, UK). An Annexin V-APC/PI apoptosis detection kit was purchased from BioLegend, Inc., (San Diego, CA, USA). TRIzol reagent was provided by Invitrogen; Thermo Fisher Scientific, Inc. Cell Counting Kit-8 was purchased from Dojindo Molecular Technologies, Inc., (Kumamoto, Japan).
X-ray irradiation. The H520 human lung squamous carcinoma cell line was irradiated using a linear accelerator (Elekta Instrument AB, Stockholm, Sweden) with an 8 MV X-ray at a dose rate of 500 cGy/min, and then cells were further incubated up to specified time points, and harvested for the subsequent experiments.
CCK-8 assay. Cells were seeded into 96-well culture plates at a density of 5,000 cells/well and allowed to adhere for 24 h. After X-ray irradiation, the cells were then incubated for different h in a humidified chamber at 37˚C. Viable cells were evaluated with the CCK-8 assay according to the manufacturer's instructions. CCK-8 solution was added to the cells in 96-well plates and then incubated at 37˚C for an additional 1 h, and the absorbance at 450 nm was determined at using a microplate reader (ELX800; BioTek Instruments, Inc., Winooski, VT, USA).
Clonogenic assay for radio-sensitivity. Different numbers of cells (0 Gy with 1x10  3 cells, 2 Gy with 2x10  3 cells, 4 Gy  with 4x10  3 cells, 6 Gy with 6x10  3 cells, 8 Gy with 8x10  3 cells,  and 10 Gy with 1x10 4 cells) were plated in 60-mm dishes depending on the dose of irradiation, and cultured overnight. After X-Ray irradiation with 0, 2, 4, 6, 8, or 10 Gy, the cells were cultured for two weeks at 37˚C. Cells were washed three times using phosphate buffered saline (PBS) and fixed using ice-cold methanol for 15 min, and then stained using 1% crystal violet dye for 15 min and rinsed in distilled water to wash away excess dye. Plates were allowed to dry before being scanned. Only colonies consisting of 50 or more cells were counted.
Flow cytometry. The cells were cultured at a density of 5x10 4 cells per well in growth medium for 12 h in 24-well plates, and irradiated at the indicated doses. Apoptotic cells were quantified using an Annexin-APC/PI apoptosis detection kit and FACS Cali-bur flow cytometry, as described previously. The cells were harvested through centrifugation after irradiation and washed twice using cold PBS. Cells were then re-suspended in 100 µl of Annexin-V binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM Cacl 2 , pH 7.4), incubated with 5 µl of Annexin-V-APC for 15 min at room temperature, and counterstained using propidium iodide (final concentration: 1 µg/ml). After the incubation period, the cell suspension was diluted with 190 µl of Annexin-V binding buffer. Ten thousand cells were acquired per sample, and data were acquired using flow cytometry with a Becton-Dickinson FACS can flow cytometer with Cell Quest software (BD Biosciences, Franklin Lakes, NJ, USA). Cells in the early stages of apoptosis were Annexin-positive, whereas cells that were Annexin-positive and PI-positive were in the late stages of apoptosis.
Western blot analysis. The treated cells (1x10 7 cells/6 ml DMEM with 10% FBS in a 90-mm dish) were collected and washed twice using cold PBS. Cells were lysed in 200 µl of lysis buffer. The lysate was incubated on ice for 30 min, vortexed and centrifuged at 14,000 x g for 15 min at 4˚C. The supernatant was collected and protein concentration was determined using the Bradford Assay. After the addition of sample loading buffer, the protein samples underwent electrophoresis using a 10% SDS-polyacrylamide gel and were then transferred to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). After blocking for 4 h at room temperature in a solution of 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20, the membranes were incubated overnight at 4˚C with primary antibody (against phospho-IGF-1R, IGF-1R, phospho-ATM, phospho-AKT, phospho-H2AX, 53BP1, HIF-1α, matrix metallopeptidase 9 (MMP-9) and VEGFA) at a concentration of 1:1,000 in Tris-buffered saline with 0.1% Tween-20 containing 5% non-fat dry milk. After washes four times, the membranes were incubated with a horseradish peroxidase-conjugated secondary anti-rabbit IgG anti-body (1:5,000 dilution) at room temperature for 1 h and were then washed six times. The blots were developed using an Immobilon™ Western Chemiluminescent detection reagent (EMD Millipore) and the results were recorded using the ChemiDox™ XRS+ system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Short hairpin RNA (shRNA) infection.
The lentiviral vectors expressing shRNA were successfully constructed by Shanghai GenePharma Co., Ltd, Shanghai, China. Cells were seeded at 2x10 5 per well in 6-well plates and incubated overnight, and the cells were then infected using the following sequences: IGF-1R shRNA-1 (5'-GCA ACC TGA GTT ACT ACA TTG-3'), IGF-1R shRNA-2 (5'-GCA CCA TCT TCA AGG GCA ATT-3'), IGF-1R shRNA-3 (5'-GCC CAA CAC CTA CAG GTT TGA-3'), IGF-1R shRNA-4 (5'-GCA AAG TCT TTG AGA ATT TCC-3') or negative control shRNA (5'-TTC TCC GAA CGT GTC ACG T-3'). Then the cells were selected using Puromycin (2 µg/ml), whereby puromycin-resistant colonies were picked, expanded, and analyzed separately.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Cells were seeded in 6-well plates and allowed to grow in DMEM supplemented with 10% FBS until semi-confluent, before being irradiated. After irradiation, total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the recommendations provided by the manufacturer. cDNA was generated from sample RNA using the RevertAid First strand cDNA Cynthesis kit (no. 1622). Subsequently, 2 µl of cDNA and Taq PCR Master Mix (Qiagen GmbH, Hilden, Germany) were used for PCR. The primer sequences used for the RT-qPCR were as follows: IGF-1R forward primer: CCT GAA AGG AAG CGG AGA G, reverse primer: GGG TCG GTG ATG TTG TAG GT; GAPDH forward primer: ATG ACA TCA AGA AGG TGG TG, reverse primer: CAT ACC AGG AAA TGA GCT TG. PCR amplifications were performed as follows: 5 min at 94˚C followed by 25 cycles of [30 sec at 94˚C, 30 sec at 55˚C, 30 sec at 72˚C] and a final extension at 72˚C for 5 min.
Statistical analysis. All statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Each experiment was performed three times. All data are expressed as mean ± standard deviation (SD) unless otherwise specified. Comparison of data between two groups was statistically analyzed using a two-tailed Student's t-test. P<0.05 was considered to indicate a statistically significant difference. Levels of statistical significance are denoted as 
Results

Lentivirus-mediated shRNA efficiently inhibited the expression of IGF-1R in H520 lung squamous carcinoma cells.
To examine whether IGF-1R expression is associated with the radio-resistance of SCC cells, we detected the expression of IGF-1R in several SCC cells by western blotting. As shown in Fig. 1A , the level of IGF-1R was relatively higher in H520 cells compared with H1703 and H226 cells. Therefore, H520 cells was selected for the following experiments. Lentivirus-mediated shRNA was applied to knockdown the IGF-1R gene. The shRNA infection efficiency was evaluated using RT-qPCR and western blotting. The IGF-1R mRNA levels were reduced by 55% in shIGF1R-1-treated cells compared with cells in the negative control (NC) group, in which no gene was targeted (Fig. 1B) . As shown in Fig. 1C , western blotting was used to examine the interference efficiency of different shRNA sequences. Compared with the NC group, IGF-1R expression was also significantly decreased by approximately 69% in shIGF1R-1-treated H520 cells. The knockdown IGF1R-1 cell line was called shIGF-1R H520 cells. Therefore, this sequence (shIGF1R-1) was selected for its effective knockdown of IGF-1R expression and was used for subsequent experiments.
Knockdown of IGF-1R suppression cell growth, increased apoptosis and enhanced the radio-sensitivity of H520 cells.
To investigated the effect of IGF1R knockdown on the H520 cells after irradiation. Cell growth was assessed by CCK-8 assay (13) . As shown in Fig. 2A To test the effect of IGF-1R knockdown on the apoptosis induced by irradiation, flow cytometry was used to investigate the percentage of apoptotic cells. After an irradiation of 6 Gy for 72 h, the percentage of early apoptosis increased by 78% in the NC group. However, apoptosis increased by 84% after irradiation in the shIGF-1R H520 group. This result indicates that knockdown of IGF-1R increased the early apoptosis of H520 cells after irradiation (P<0.01, n=3; Fig. 2B ).
The radio-sensitivity of H520 cells after IGF-1R knockdown was investigated by clone formation assay (12) . Compared with the negative control group, IGF-1R knockdown significantly enhanced inhibition of clone formation in H520 cells, which was dependent on the dose of delivered radiation. These survival fraction results illustrate that IGF-1R knockdown increased the radio-sensitivity of H520 cells (P<0.05, compared with NC group; Fig. 2C ).
Irradiation induced the activation of IGF-1R signaling pathways in H520 cells. To study the relationship between IGF-1R and irradiation, the effect of irradiation on the activation of IGF-1R and total levels of IGF-1R in H520 cells was assessed. Cells were treated with irradiation of 6 Gy and harvested at different times after irradiation (0, 6, 12, 24, 48, 72 and 96 h). As shown in Fig. 3A , increased levels of phosphorylated IGF-1R were apparent at 12 h and this was sustained to 72 h and increased further at 96 h. Meanwhile, the total levels of IGF-1R were increased at 12 h and this was sustained to 96 h. This finding further indicated that IGF-1R signaling pathways may affect radio-sensitivity in H520 cells.
To explore the mechanism of IGF-1R in the regulation of apoptosis, first, apoptosis-related signaling pathways were investigated using western blotting. As shown in Fig. 3B , irradiation induced the activation of ATM in H520 cells at 6 h and this was sustained to 48 h. Moreover, the phosphorylation of AKT was significantly increased after irradiation, in a time-dependent manner.
Irradiation induced DNA damage repair-related protein expression in H520 cells. To further study the effect of irradiation on DNA damage repair in H520 cells after irradiation with 6 Gy, the levels of γ-H2AX, the phosphorylated form of H2AX, which can indicate DNA damage repair, were investigated. As shown in Fig. 4A , after short durations of irradiation (0-6 h), the levels of γ-H2AX were first increased at 0.5 h, were reduced substantially by 2 h and were reduced further by 6 h. However, after irradiation for longer durations (0-96 h), the γ-H2AX levels were substantially increased from 24 to 96 h, and remained high at 48 to 96 h. Meanwhile, the levels of phosphorylation ATM were obviously increase at 30 min after irradiation. In addition, the levels of 53BP1, another protein associated with the DNA damage response were also determined, and the expression of 53BP1 increased at 0.5 h and returned to basal levels at 6 h after irradiation in H520 cells, which is similar to the trend of H2AX activation after irradiation. These results suggest that irradiation induced DNA damage repair at 30 min after irradiation in H520 cells by inducing phosphorylation of H2AX and recruiting 53BP1 to the DNA damage sites.
In addition to its role in DNA damage repair after a short duration of irradiation, H2AX is also associated with apoptosis after exposure to irradiation. The western blotting analysis indicates that irradiation induced the phosphorylation of H2AX in a time-dependent manner, especially at 48 and 72 h (Fig. 4B) .
IGF-1R knockdown blocked the activation of ATM and decreased γ-H2AX levels.
The role of ATM activation in the radio-sensitivity of H520 cells after IGF-1R knockdown was investigated. As shown in Fig. 5A , irradiation induced the phosphorylation of IGF-1R in both IGF-1R knockdown and NC cells. And the levels of phosphorylated IGF-1R were lower in the IGF-1R knockdown cells compared with the NC cells. Similarly, the activation of ATM also occurred after irradiation, and the activation trend was similar to that of IGF-1R phosphorylation. These results confirm that IGF-IR knockdown regulates the activation of ATM after irradiation.
The expression of γ-H2AX, which is associated with apoptosis, was increased in H520 cells after irradiation. To evaluate the effect of IGF-1R on apoptosis induced by irradiation, the effect of irradiation on the levels of γ-H2AX after IGF-1R knockdown was determined using western blotting. As shown in Fig. 5B , the levels of γ-H2AX were increased after IGF-1R knockdown in H520 cells, and irradiation also up-regulated the levels of γ-H2AX after irradiation for 48 and 72 h. However, compared with the NC cells, the levels of γ-H2AX demonstrated a smaller increase in the IGF-1R knockdown cells after irradiation. These results illustrate that IGF-1R knockdown attenuated irradiation-induced apoptosis by up-regulating levels of γ-H2AX.
IGF-1R knockdown attenuated irradiation-induced HIF-1α
signaling in H520 cells. HIF-1 is a critical gene in tumor resistance and is the downstream of IGF-1R. To explore the mechanism of IGF-1R in radio-resistance of H520 cells, the effect of irradiation on HIF-1α expression was assessed. As shown in Fig. 6 , after IGF-1R knockdown, the expression of HIF-1α was decreased in H520 cells. In addition, irradiation caused a significant increase in HIF-1α expression. Compared with the NC cells, the expression of HIF-1α was significantly down-regulated in IGF-1R knockdown cells after irradiation. Furthermore, the proteins derived from downstream genes of HIF-1α, such as MMP-9 and VEGFA, also showed a similar decrease in IGF-1R knockdown cells. After irradiation for 48 h, the decrease was more obvious in the IGF-1R knockdown cells compared with the NC cells.
Discussion
Radiotherapy is frequently applied for the treatment of lung cancer. However, for many patients, the results are still unsatisfactory because of radio-resistance. Therefore, exploring the mechanism underlying treatment resistance is important. Novel therapeutic approaches, such as up-regulating tumor suppressive genes or down-regulating oncogenes, which can enhance the radio-sensitivity or chemo-sensitivity of tumor cells, are urgently required.
IGF-1R is a transmembrane receptor tyrosine kinase, which is frequently over-expressed in tumors, and involved in cell proliferation, protection against apoptosis, cell invasion and metastasis. IGF-1R is over-expressed in lung squamous carcinoma and patients with such tumors demonstrate resistance to conventional anti-cancer treatments including radiotherapy and chemotherapy. Therefore, IGF-1R has attracted increased attention as an anti-cancer treatment target (14) . Various strategies have been employed to inhibit IGF-1R expression and function, including anti-sense oligonucleotides, specific IGF-1R inhibitors, antibodies to IGF-IR, or dominant negative IGF-1R mutants, which have been shown to inhibit in vitro or in vivo growth of these tumors, enable reversal of the transformed phenotype and induce apoptosis (15) (16) (17) . Some researchers have shown that the activation of IGF-1R signaling pathways induces chemo-resistance in a variety of malignancies (18) . It has been reported that siRNA, antisense or monoclonal antibody-mediated inhibition of IGF-1R can enhance the chemo-sensitivity of human esophageal squamous carcinoma and breast cancer cells (19, 20) . However, there have been no reports concerning the correlation between IGF-1R expression and the radio-resistance of lung squamous carcinoma cells. In the present study, the therapeutic potential of a lentivirus-mediated shRNA targeting IGF-1R, combined with radiotherapy, for the treatment of human lung squamous carcinoma was investigated. RNA interference with shRNA was used to stably target IGF-1R, and can effectively down-regulate the expression of IGF-1R in human H520 lung squamous carcinoma cells.
Exposure to irradiation immediately triggers DSBs, which results in recruitment of phosphorylated H2AX to the DSB sites. This is the early response to irradiation-induced DSBs. Subsequently, DNA damage repair pathways are activated . The effect of IGF-1R knockdown on HIF-1α, MMP-9 and VEGFA levels in H520 cells. IGF-1R shRNA and NC cells were irradiated at 6 Gy for 48 and 72 h, and their protein content was harvested. Western blot analysis of the expression of HIF-1α, MMP-9 and VEGFA was conducted. IGF-1R, insulin-like growth factor-1 receptor; HIF-1α, hypoxia inducible factor 1 α; MMP-9, matrix metallopeptidase 9; VEGFA, vascular endothelial growth factor A; NC, negative control.
to prevent cell division and repair the damage to promote cell survival. The pathways are initiated within a few h after irradiation, and the phosphorylation of H2AX is crucial for the repair process. However, cell apoptosis will be induced if the DNA damage is unrepaired. DSBs are the most important lesion in the induction of apoptosis. In the current study, it was found that H2AX is phosphorylated at 30 min after irradiation, and returns to basal levels at 4 h after irradiation. The results indicate that DNA damage repair occurs at 30 min after irradiation in H520 cells, and the phosphorylation of H2AX at Ser 139 is an early response to DSBs induced by irradiation. Meanwhile, we found that the levels of phosphorylation ATM were obviously increase at 30 min after irradiation. In addition, the levels of 53BP1, another important protein associated with the DNA damage response were also determined, and the expression of 53BP1 increased at 30 min and returned to basal levels at 6 h after irradiation in H520 cells, which is similar to the trend of H2AX activation after irradiation. Furthermore, it was demonstrated that the levels of phosphorylated H2AX reached a second peak at 48 h after irradiation for 6 Gy in H520 cells, and this process was sustained to 72 h. Phosphorylation of ATM was activation simultaneously at 48 h after exposuring to irradiation. These results indicated that the DNA damage repair may evoked at 30 min, and once repair process are failure, the cell will occur cell cycle arrest and/or apoptosis. Therefor, it will make sense that H520 cells appear first peak of gamma H2AX at 30 min after irradiation. When DNA damage exceeds repair, cell will die, but this process will not be actively accepted by dying cell, we think residual cell may activate some survival signals to resist death, such as p-AKT pathway (21) . Our results have also shown that the levels of p-AKT highly increased at 48 h after irrdiation and may explain the levels of phosphorylated H2AX reaching a second peak at 48 h after irradiation. And this hypothesis needs us to further investigated. In IGF-1R knockdown cells, it was found that the levels of phosphorylated H2AX were up-regulated compared with NC cells. After irradiation, the levels of phosphorylated H2AX increased both in the IGF-1R knockdown cells and NC cells, and the increase was sustained to 72 h. The apoptosis analyses confirmed that greater levels of apoptosis were induced in IGF-1R knockdown cells compared with NC cells after irradiation. These results suggest that the levels of phosphorylated H2AX induced by irradiation can be attributed to cell apoptosis after IGF-1R knockdown in H520 cells.
Previous studies have shown that IGF-1R may enhance DNA repair through activation of IGF-1R/p38 signaling after irradiation in mouse embryo fibroblasts and breast cancer cells (22, 23) . Irradiation can induce DSBs and activate related kinases, such as ATM, ATR and DNA protein kinase, which can phosphorylate histone H2AX (24) . Furthermore, phosphorylated-H2AX is an important marker of radiation-induced DSBs and recruits other DNA repair proteins including 53BP1, MDC1 (mediator of DNA damage check point protein1) and BRCA1 (breast cancer type 1 susceptibility protein) to DSB sites (25) . 53BP1 is regulated by ATM after DNA damage. ATM-deficient cells show no 53BP1 hyperphosphorylation and reduced 53BP1 foci formation in response to radiation compared with cells expressing wild-type ATM. 53BP1 is an ATM substrate that is involved early in the DNA damage-signaling pathways and is regulated by ATM after irradiation (26) . ATM has a critical role in the response to DNA damage (27) . However, little research has focused on the association between IGF-1R and ATM activation. This study is the first to show that IGF-IR knockdown results in significantly decreased levels of phosphorylated ATM in lung squamous carcinoma cells. The levels of phosphorylated ATM in lung squamous carcinoma cells were increased following irradiation. Furthermore, though the increase was more obvious in IGF-1R knockdown cells after irradiation, the levels of phosphorylated ATM were lower in IGF-1R knockdown cells compared with NC cells. These results suggest that IGF-1R signaling has a distinct effect on ATM activation, and IGF-1R knockdown enhances radio-sensitivity by attenuating the activation of ATM/H2AX/53BP1 signaling.
Hypoxia, a tumor-specific microenvironment, is associated with radiation resistance, because the depletion of oxygen affects the radiolysis of H 2 O and reduces the production of reactive and cytotoxic species, and radiation-induced DNA damage is fixed under normoxia. HIF-1 has been reported to play a key role in hypoxia-related radio-resistance (28) . HIF-1 is a heterodimeric transcription factor, including an α-subunit (HIF-1α) and a β-subunit (HIF-1β), and its activity is mainly dependent on the HIF-1α subunit. HIF-1 binds to its cognate DNA sequence, the hypoxia-responsive element, and induces the expression of several factors, such as MMP-9 and VEGF. MMP-9 is involved in the breakdown of extracellular matrix in physiological processes, including angiogenesis, and tumor cell migration. Previous studies have reported that EGF/EGFR signaling activates downstream PI3K/Akt to induce FoxO1 nuclear exclusion, which activates MMP-9 to promote the invasiveness and metastasis of NSCLC (29) . VEGF has been reported to not only induce angiogenesis but also protect endothelial cells from the cytotoxic effects of irradiation and consequently increase tumor radio-resistance (30). The hypoxic microenvironment of the tumor is one of the main reasons underlying radio-resistance (31, 32) .
Hypoxia can induce the expression of several genes including HIF-1, VEGF and MMP-9, which regulate the survival and invasiveness of tumor cells (33) (34) (35) . However, the association between IGF-1R and HIF-1α in radio-resistance has not been fully elucidated. In the current study, to assess the mechanism of IGF-1R in the radio-sensitivity of H520 cells, the effect of IGF-1R down-regulation and hypoxia on the radio-sensitivity of H520 cells was investigated. The results show that irradiation has an effect on the microenvironment of tumor cells, in terms of increasing the expression of the hypoxia-related gene, HIF-1α, after irradiation in H520 cells. However, the expression of HIF-1α was decreased after IGF-1R knockdown. Irradiation induced HIF-1α expression, but the increase was inhibited in IGF-1R knockdown cells compared with NC cells. These results illustrate that HIF-1α plays an important role in the response to irradiation, and IGF-1R knockdown increases radio-sensitivity through decreasing the expression of HIF-1α.
The levels of MMP-9 and VEGF were analyzed using western blotting: The expression of MMP-9 in H520 cells after treatment with radiation and IGF-1R knockdown is shown in Fig. 6 . The cells showed a decrease in the expression of MMP-9 upon inhibition of HIF-1α expression. However, there was no obvious change in the expression of VEGFA because of IGF-1R silencing. The results reveal that the expression of MMP-9 is influenced by HIF-1α levels, whereby MMP-9 levels appear to decrease upon a decrease in HIF-1α levels. Previous studies have reported that both MMP-9 and VEGFA can be influenced by different levels of HIF-1α. It is possible that the radio-sensitivity of H520 cells is influenced by the hypoxic pathway.
Radioresistance is considered to be a majoy obstacles of ineffective treatment. Resistance to apoptosis shown in the presented study maybe one of the reasons. Meanwhile, the other mechanisms, such as autophagic cell death, may also considered as a new way resulting to radioresistance. As shown in various studies, autophagic cell death was considered as the second type of programmed cell death (36) (37) (38) . The occurrence of apoptosis in the presented study does not exclude the chance of autophagy incidence. Moreover, these two processes may exist simultaneously (39, 40) . Some of our results (Data not shown) have indicated that irradiation induces the occurrence of autophapy, which was confirmed by an increase expression of autophagic marker LC3-II. However, more investigations are needed to further clarify the mechanisms.
In conclusion, the results of the present study indicated that IGF-1R may play an important role in the radioresistance of SCC cells. And the underlying mechanism is probably related to the decreased expression of proteins involved in ATM/H2AX/53BP1 DNA damage repair and the HIF-1α/MMP-9 hypoxic pathway, which results in the induction of apoptosis and increased radio-sensitivity. These findings suggest that targeting of IGF-1R may represent a new approach for lung SCC radiation treatment.
